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INTRODUCTION
Small cetaceans are susceptible to incidental catches
and mortality in various forms of gillnet fisheries
throughout their range. Fisheries by-catch poses high
risks to the endangered vaquitas Phocoena sinus in the
Gulf of California (Rochas-Bracho & Taylor 1999). Inci-
dental takes of the closely related harbor porpoise Pho-
coena phocoena in the Gulf of Maine, Bay of Fundy,
and the North, Celtic and Baltic Seas may exceed sus-
tainable levels and potentially threaten these local
stocks (Tregenza et al. 1997, Trippel et al. 1999, Vinther
1999, further details see http://www.ascobans.org/). In
a recent paper, Kastelein et al. (2000a) were able to
show that the reason for harbor porpoise entanglement
in gillnets is their inability to detect monofilament nets
from distances greater than 3 to 6 m.
Research conducted since 1994 (Lien & Hood 1994)
has shown that acoustic alarms emitting high-fre-
quency pulsed sounds effectively reduce the number
of harbor porpoise casualties in sink gillnets (Kraus et
al. 1997, Trippel et al. 1999). This has led to their com-
pulsory use in some fisheries (Trippel et al. 1999, Finn
Larsen pers. comm.). To date, most studies of the effec-
tiveness or mechanisms of acoustic alarms in reducing
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small cetacean by-catch have been conducted either in
fisheries (e.g. Trippel et al. 1999), which returns low
sample sizes from animals caught in nets, or in enclo-
sures (e.g. Kastelein et al. 2000b), which yields data
that have to be confirmed in the wild. Consequently,
the mechanisms behind the effects of such alarms
were, until now, poorly understood (Kraus 1999), and
advantages and risks associated with their widespread
use could not be properly evaluated.
Here we present the results of 2 field experiments
which demonstrate that harbor porpoises avoid acous-
tic alarms, thereby becoming effectively excluded from
ensonified areas, whereas herring Clupea harengus,
one of their main prey species (Kraus et al. 1997), are
not affected. 
MATERIAL AND METHODS
Theodolite-tracking of harbor porpoises. From 25
June to 16 July 1999, we conducted behavioural obser-
vations on harbor porpoises in Fortune Channel
(49° 11’ N, 125° 46.5’ W), Clayoquot Sound, Vancouver
Island, Canada, using an electronic data-logging
theodolite (Geodimeter 610, Canada Ltd). The fjord-
like area surrounded by mountains offered calm condi-
tions at 0 Beaufort for 3 to 8 h d–1, i.e. perfect conditions
to accurately track the positions of surfacing harbor
porpoises (Koschinski & Culik 1997). Boat traffic in the
area was very rare, with a maximum of 3 to 5 small out-
board powered boats d–1. 
The theodolite was positioned on a cliff ca 13 m
above sea level and used to obtain horizontal and ver-
tical angles as well as the time and incremental num-
ber of each surfacing of the harbor porpoise groups.
‘Footprints’, i.e. ripple marks where the animals had
broken the surface, were visible in most cases even
after harbor porpoises had dived again. In porpoise
groups we tracked the leading animal whenever pos-
sible. Theodolite elevation above sea level (higher
high water mark in Clayoquot Sound is 4.1 m above
lower low water mark, large tides) was obtained
every 30 min by measuring the angle of the water sur-
face at a sounding line attached on the opposite shore
of the channel. The distance to a reflector attached to
the sounding line was measured with the built-in
laser of the theodolite to within 1 mm of accuracy.
Theodolite elevation above sea level was linearly
interpolated between recording intervals. The sound-
ing line also served as reference point (angle 0°) for
measurements of the horizontal angle of harbor por-
poise sightings. An accurate position of surfacing ani-
mals could readily be calculated from theodolite data
of elevation above sea level and horizontal and verti-
cal angles of surfacings using simple trigonometric
equations. Instrument accuracy suggests that range
error of sightings was less than 3 m at maximum range,
while azimuth error was less than 50 cm. The coast
line and the position of the float line were also re-
corded using this procedure.
A surface gillnet was simulated in a non-lethal form
using a float line (10 mm polypropylene line, 65 m long,
with ellipsoid foam floats spaced every 50 cm) and
placed perpendicular to the main swimming direction
of harbor porpoises in an area of high animal density.
We attached 10 m long, monofilament lines (0.5 mm
diameter), spaced 0.5 m apart and weighted at their
distal end, to the float line in order to simulate a gillnet
with dimensions of 65 · 10 m (cf. Koschinski & Culik
1997). No footrope was attached to the weighted lines.
In order to detect the presence of harbor porpoises
day-round, we positioned a detector 1 m below the
mid-point of the float line. The detector (46 cm long
by 12.5 cm diameter) is self-contained and automati-
cally counts porpoise clicks in 2 s intervals when
the device is adjusted to 132 kHz and 50 to 500 µs
(for details see http://www.chelonia.demon.co.uk/POD-
home.html).
Between 8 and 12 July we continuously operated 1
acoustic alarm (PICE pinger, Loughborough Univer-
sity, UK) at a depth of 30 cm below the surface and at
the mid-point of the float line. The alarm generated 8
different wide-band swept frequency signals between
20 and 160 kHz at a maximum source level of 145 dB
(re 1 µPa at 1 m) for 300 ms at random intervals of 5 to
30 s. This signal was well within the hearing spectrum
of harbor porpoises (Andersen 1970). The range of
audibility, R , of the alarm can be approximated using
Au (1993). 
DT = SL – (20 · logR + a · R) (1)
where DT is the detection level of harbor porpoises
(Andersen 1970), SL is the source level of the device
and a is the acoustic absorption coefficient in seawater. 
We measured source levels of the PICE pinger at the
Wehrtechnische Dienststelle 71 of the German Navy in
Plön. The pinger was submersed at 5 m depth in Lake
Plön at 1 m distance from a calibrated hydrophone.
Source levels were measured over 50 sweeps emitted
from the pinger in the frequency range between 50
and 100 kHz. Values in Table 1 show minima and max-
ima of highest measured source levels of single
sweeps. From this we estimated the hearing range of
the PICE pinger for harbor porpoises. For frequencies
between 55 and 100 kHz, this yields a range of 50 to
1900 m at which harbor porpoises can detect PICE
pinger sounds (Table 1). 
Behavioural observations were conducted in 3
blocks. Harbor porpoises were tracked: (1) between 3
and 8 July for a total of 26.5 h to monitor their behav-
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iour to the artificial net, (2) between 8 and 12 July for a
total of 21 h to record their reaction to pinger opera-
tion, and (3) between 13 and 14 July for a total of 7 h to
study the behaviour of the porpoises towards the artifi-
cial net after removal of the acoustic deterrent.
Test of pingers in the herring fishery. On 22 and 23
April and between 2 and 5 May 1998, we participated
in commercial herring fisheries in the Baltic Sea near
the island of Rügen, Germany. Water depth in the area
was approx. 7 m. Weather conditions during fishing
were fair, with wind speeds around 3 to 4 Beaufort and
not exceeding 6 Beaufort. Net strings (n = 6) consisted
of surface gillnets composed of between 7 and 5 nets
(each 26 or 44 m long), respectively, with a mesh width
of 26 to 27 mm, and a net height of 6 m. Net strings
were each equipped with 3 equally spaced alarms of
the following types: PICE, Lien (Lien & Hood 1994) or
Dukane (NetMark 1000), while 3 net strings served as
controls (no alarms).
Lien (Lien & Hood 1994, Lien et al. 1995) pingers
generate 76 to 77 sounds min–1 at 115 dB. The base fre-
quency is 2.7 kHz with harmonics of up to 19 kHz.
Dukane pingers (Net Mark 1000) generate a broad
band frequency signal of 10 kHz with individual pulses
lasting 300 ms. Pulses are repeated every 4 s with a
source level of 130 dB. Technical specifications of the
PICE pinger are given above.
RESULTS 
Theodolite-tracking of harbor porpoises
During the first part of the study, prior to deployment
of the acoustic alarm, we recorded 2323 positions of
172 harbor porpoise groups. Maximum group size was
9 individuals and single harbor porpoises were also
seen. Median group size was 2 animals. As shown in
Fig. 1A, swimming tracks of the porpoises frequently
crossed the position of the float line. Porpoise distance
distribution from the mid-point of the float line (Fig. 2A)
showed a median of 150 m (range 4 to 987 m). Harbor
porpoise activity during that period was reflected by a
median of 102 clicks h–1 (range 0 to
1762, n = 99 h). Swimming speed of
the porpoises as determined from
positional information was 0.52 m
s–1 (median; min. 0 m s–1, max. 6.2 m
s–1, n = 2141).
While the acoustic alarm was in
use, we recorded 987 positions of
44 harbor porpoise groups (1 to 5
individuals, median = 2). As shown
in Fig. 1B, pinger operation re-
sulted in an exclusion zone around
the float line. Porpoise distance from the mid-point of
the float line (Fig. 2B) was distributed around a median
of 530 m (range 130 to 1140 m). This corresponds
closely to the audible range of the acoustic alarm
(Table 1). The mean closest approach distance of har-
bor porpoise groups to the pinger was 414 m (median
364 m, range 130 to 930 m, n = 58 approaches).
Because median click number h–1 was <0.1 (range 0 to
103, n = 97 h of recordings), we assume that during
pinger operation porpoise clicks occurred rarely within
detection range of the click detector. During pinger
operation, harbor porpoises swam at median speeds of
0.48 m s–1 (range 0 to 4.6 m s–1, n = 936).
After removal of the acoustic deterrent, porpoises
returned to the area of the experimental net (Fig. 1C).
We recorded a total of 303 positions from 22 groups
(1 to 4 porpoises group–1, median = 2) within the short
time (7 h of observation over 2 d) available before ter-
mination of the study. Similar to the spatial distribution
of the animals prior to pinger use, surfacings were re-
corded within a median distance of 152 m from the
mid-point of the float line (range 8 to 908 m; Fig. 2C).
Click recordings showed that harbor porpoises again
frequented the area throughout the day (median of
27 clicks h–1, range 0 to 353, n = 43), although their
density was reduced compared to the first part of the
study. Between positional fixes, harbor porpoises swam
at median speeds of 0.53 m s–1 (range 0 to 5.3 m s–1,
n = 283).
Statistical comparison (Kruskal-Wallis test) showed
that harbor porpoise distance distribution from the net
significantly differed during the 3 phases of the obser-
vations (p < 0.001). The distribution of the animals dur-
ing operation of the acoustic alarm was significantly
different from their distribution before and after pinger
use (Kolmogorov-Smirnov test, p < 0.001). Distribution
of harbor porpoises during both controls (Fig. 1A,C),
however, were similar (p > 0.05). Statistical comparison
of click recordings confirmed these results at the same
significance levels. Comparison of swimming speeds
during the 3 phases of the experiment (Kolmogorov-
Smirnov test) showed that speed differences were not
statistically significant (p > 0.05).
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Table 1. Estimated hearing ranges (m) for harbor porpoises Phocoena phocoena at
various frequencies emitted by PICE pingers. Pinger source levels were measured,
absorption coefficients and detection threshold were taken from Au (1993). For 
details, see text
Frequency Source level (dB) Absorbtion Detection level Hearing range (m)
(kHz) Min. Max. (dB m–1) (dB) Min. Max.
55 137 145 0.013 55 1400 1900
83 133 138 0.02 57 850 1050
100 95 120 0.03 60 50 330
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Test of pingers in the herring fishery
The results of our tests conducted in commercial her-
ring fisheries (25 407 fish caught) in the Baltic Sea
around the island of Rügen, Germany, yielded mean
capture rates of nets equipped with Lien pingers of
6.2 herring m–1 (SD = 2.6, n = 40 nets) as opposed to
Dukane (4.2 herring m–1, SD = 2.1, n = 32), PICE
(3.9 herring m–1, SD = 2.0, n = 36) or control nets
(4.3 herring m–1, SD = 2.4, n = 103). Statistical compar-
ison of these results showed that the Lien pinger seems
to attract herring: capture rates of nets with Lien pin-
gers were significantly higher (Kolmogorov-Smirnov
test, p = 0.003) than those of the other pinger-equipped
nets or those of the unequipped control nets.
DISCUSSION
Our data show that the single PICE pinger created a
large exclusion zone, with no animal approaching the
float line closer than 130 m. Kraus (1999) suggested
several mechanisms which could explain this effect:
(1) Startling. Harbor porpoises might become startled
by the pingers and flee when hearing the sound. How-
ever, we compared individual speeds of groups ob-
served before, during and after pinger use and could
not find any differences. (2) Alerting. Harbor porpoises
might become alerted upon hearing the alarm, interro-
gate their surroundings intensively with their biosonar,
and consequently become aware of the net. This
assumption could not be confirmed since the animals
were too far from the floatline for investigation via
their biosonar (Au 1993, Koschinski & Culik 1997) and
consequently the click detector hardly recorded any
clicks during alarm operation. (3) Prey redistribution.
Harbor porpoises might avoid the ensonified area
because of a lack of prey (Kraus et al. 1997). Because
the auditory capabilities of clupeid fishes indicate that
they are able to hear ultrasonic frequencies (Mann et
al. 1997), we tested in a separate experiment whether
the reaction of harbor porpoises could be mediated by
the avoidance reaction of their prey. However, our data
show that the 3 types of pingers (PICE, Lien and
Dukane), albeit working at different sound and repeti-
tion frequencies, did not reduce herring capture suc-
cess in a commercial fishery. We conclude that the
reaction of harbor porpoises to acoustic alarms can
therefore not be mediated by prey redistribution. 
This leaves one further explanation for the observed
effect of PICE pingers on harbor porpoises: the ‘annoy-
ing hypothesis’ formulated by Kraus (1999). He sug-
gested that porpoises might avoid pingers ‘the way
humans avoid static or unpleasant noise’. However, he
continues, ‘given the high tolerance of urban humans
to traffic and construction noise, it is likely that if
pingers are annoying, there is a good argument for
believing they will lose their effectiveness over time
as animals become habituated to the sounds’ (Kraus
1999). Although we did not observe any habituation
effect during the short period of pinger operation (5 d),
its emergence is likely: harbor porpoises moved far
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Fig. 1. Harbor porpoise Phocoena phocoena movements in
Fortune Channel, Clayoquot Sound, Vancouver Island (black
lines show tracks of porpoise groups). (A) Control, (B) during
the operation of an acoustic alarm placed in the middle of the
float-line, (C) after removal of the alarm. The coast is shown in
blue, the float line is marked in red. Due to tide movements,
the position of the float line varied from day to day. The
theodolite was positioned at the origin of the x- and y-axes
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enough away on average to reduce the high frequency
components of pinger sounds to a value marginally
above their hearing threshold (Andersen 1970). This
‘habituation hypothesis’ will be further investigated.
The practical deployment of pingers in commercial
fisheries involves very difficult compliance monitoring,
but the confirmation of the ‘annoying mechanism’ of
pinger effect adds yet another problem — habitat ex-
clusion. Lien pingers (115 dB) previously tested in For-
tune Channel, Canada (Koschinski & Culik 1997),
forced harbor porpoises to remain outside a mean clos-
est approach distance of 133 m around the pinger. One
PICE alarm results in a significantly larger displace-
ment of the animals (414 m mean closest approach dis-
tance). The difference is significant (c 2-test, p < 0.001).
Larger exclusion zones may be considered ideal to
reduce by-catch risks. However, because of the exten-
sive deployment of various forms of gillnets along the
coasts of the northern hemisphere (fishery authorities
in Kiel, Germany, e.g., estimate that 1000 km of gill-
nets are set at any given time along 100 km of coast
line in the German Baltic Sea), widespread pinger
deployment would effectively exclude harbor por-
poises from bays, fjords and other areas. Aversive be-
haviour to pinger sounds would force the animals into
sub-optimal areas where increased levels of competi-
tion for food might reduce their fitness. Non-alarmed
nets in such areas might pose further risks. 
In addition to causing increased levels of acoustic
pollution, acoustic alarms might thus be detrimental to
harbor porpoise conservation via habitat exclusion and
habituation. Therefore, we advocate that the use of
acoustic alarms in gillnets should not substitute, but
complement other measures, such as localized fishing
closures. This would reduce by-catch and potentially
protect important forage fish in areas of porpoise abun-
dance. 
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